We estimate the effects of adopting DSL broadband on firm productivity and productivity growth allowing for differing broadband speeds. We use a two-stage least squares estimator with geographical broadband availability as an instrument to address some potential endogeneity problems in a panel of Irish manufacturing firms. While more productive firms are on average more likely to be using DSL broadband, we find no statistically significant effect of broadband adoption on firms' productivity (growth).
Introduction
Investment in information and communication technologies (ICT) has historically made a significant contribution to aggregate productivity growth. Policymakers understandably seek to obtain further societal benefits from this source by encouraging investment in the latest forms of ICT. Yet it is not obvious that the benefits of past generations of technology will necessarily be repeated in future ones. Firms and governments are now contemplating sizeable investments and other forms of support for high speed 'next generation' broadband. One factor behind this enthusiasm is an expectation that high speed broadband will increase the productivity of firms that use it. But the view that adoption of basic broadband, as opposed to ICT investment generally, increased firms' productivity has surprisingly limited empirical support. Even if one is willing to extrapolate the experience of basic broadband to its high speed successor, it is reasonable to ask whether adoption by firms of basic broadband had a direct effect on productivity or not. This paper adds to the literature on the effects of ICT by asking whether we can observe the sorts of productivity benefits seen in macro data when we focus on the micro level. More importantly, it adds to the limited base of evidence on the specific effects of broadband adoption on firms' productivity.
Empirical research in this area began with studies of the effects of ICT, particularly following identification by Solow (1987) of what came to be called the 'productivity paradox'. As the technology frontier has advanced, so has the technological focus for productivity research moved on. The current policy preoccupation is whether high-speed 'next generation' broadband services may increase productivity and increase societal welfare in various other ways, and how or whether governments should intervene to accelerate the deployment of such services (Kenny and Kenny, 2011) . Nevertheless, the literature specifically trying to quantify the productivity contribution that broadband services offer to firms remains limited, perhaps due to a scarcity of firm level data linking broadband availability to adoption and total factor productivity.
There is a more substantial literature on how broadband affects GDP growth and employment (for example a survey by Holt and Jamison (2009) and Czernich et al. (2011) ) or studies of ICT rather than broadband specifically (see Kretschmer (2012) for a recent survey). Studies using aggregate data to measure the productivity effects of ICT typically estimate production functions on national-or regional-level panel data. Establishing causality is a challenge in this setting. Reverse causality is a possibility, as telecoms network operators may be more likely to make broadband available in countries that have many highly productive firms and firms that have higher productivity might be better placed to adopt broadband. In addition, important omitted variables could drive both broadband adoption and productivity at national level. For example, a stronger endowment of human capital or a greater export orientation in a country's industries could have positive effects on both productivity and broadband adoption if increased human capital or exporting tend to raise demand for broadband services.
There are also many papers that aim to measure the effects of ICT using firm-level data (surveyed in Draca et al. (2007) ). Fewer papers have attempted to quantify the the productivity effects of broadband per se. Why might broadband increase firms' productivity growth rates? In essence, broadband is thought to allow a higher speed of business transactions and a more efficient organisation of production activities. Some commentators consider that broadband is a "general purpose technology" akin to electrification, promising beneficial spillovers into many other domains. Howell and Grimes (2010) provide a useful discussion of how productivity effects might arise from broadband and offer a critical framework for policymakers considering the case for intervention to support broadband rollout or adoption.
We are aware of three studies using cross-sectional estimators and one using panel data methods.
Taking the cross-sectional studies first, Bertschek et al. (2011) find no effect of broadband adoption on labour productivity using data for 1000 firms in German manufacturing and services sectors.
They do find positive effects on product and process innovation. The study uses panel data for many explanatory variables, but the information on broadband use is cross-sectional for 2002 only. Grimes et al. (2012) report that broadband adoption has a positive effect of 7-10% on productivity for firms in New Zealand. These results are consistent across geographical areas and between firms in sectors with higher and lower knowledge intensity. To address potential endogenity problems, they use propensity-score matching and carry out a robustness check using instrumental variables. Although the models are cross-sectional, they do include data on lagged productivity and firm size. Hagén et al. (2008) estimate a series of equations on data covering Swedish firms from [2001] [2002] [2003] [2004] [2005] . All firms included in their dataset are observed for at least two consecutive years each, which seems to offer scope for panel analysis. However, their analysis appears to be carried out as a series of cross-sectional regressions (the paper is not entirely clear on the methods used). The authors employ a three-stage least squares estimator examining links between broadband adoption, ICT use and productivity. They find a significant relationship between broadband adoption for the 2001-2002 period, but not later. However, they suggest that this lack of significance may be due to a small sample size in subsequent years.
Turning to the one panel data study we have identified, van Leeuwen and Farooqui (2008) are interested in identifying how much of the productivity contribution of broadband use arises from capital deepening and how much from increases to TFP. They estimate a simultaneous-equation structural model using unbalanced panel data for a large sample of firms from the Netherlands (2002) (2003) (2004) (2005) and the UK (2001) (2002) (2003) (2004) (2005) in the manufacturing and services sectors. Equations are included for productivity, ICT capital inputs per employee and other capital inputs per employee, plus a wage equation, and each estimation allows for selection. They conclude that productivity improvements from adoption of broadband come through capital deepening rather than TFP. They also find that TFP is increased by electronic sales but not electronic buying.
The main contribution in this paper is to estimate productivity effects using firm-level panel data, allowing for differing broadband speeds. We use a two-stage least squares estimator with geographical broadband availability as an instrument to address some potential endogeneity problems (similar to Bertschek et al. (2011) ), but our use of panel data also allows us to control for firm-and time-specific heterogeneity. Our panel includes over 8000 observations from about 2200 manufacturing firms in the Republic of Ireland from 2002-2009. We find that higher productivity firms are more likely to use broadband (without controlling for firm characteristics), so the concern about possible reverse causality may be valid. We also find no statistically significant effect of broadband adoption on firms' productivity (growth).
The remainder of this paper is structured as follows: Section 2 discusses the methodology used in the analysis. Section 3 describes the different data sets and provides descriptive statistics. In Section 4 we present our main results. Section 5 provides some robustness tests and Section 6 briefly concludes.
Methodology
In order to assess the importance of broadband (DSL) on firms' productivity (growth) we postulate that broadband is a potentially productivity-enhancing technology:
(1)
Y it denotes firm i 's productivity or productivity growth at time t , α i is a constant term, DSL is a dummy variable equal to one if the firm uses broadband, X it is a vector of control variables and ε it is an i.i.d. error term. Our measure of total factor productivity is obtained using production function estimation. In particular, we calculate T F P it as indicated in the following equation
where Q it is sales, K it is capital stock, M it is material purchases, and L it is the number of employees in firm i in period t.α K ,α M ,α L are the estimated coefficients from an OLS regression where the log of turnover is regressed on the log of the three inputs, year and 3-digit industry dummies as well as 2-digit industry-year interactions. In this way, the TFP measure takes out any systematic differences in input use between sectors, across years, and also removes industry-specific trends.
Our productivity growth measure ∆T F P it is the one-period difference of T F P it . For more details see Table 11 in the Appendix. For robustness checks we also employ labour productivity and a superlative TFP index as alternative measures of productivity.
We expect DSL adoption to have a positive impact on productivity (growth). It might, however, be the case that the choice to get a broadband connection is not independent of firm performance.
More productive firms or firms with higher productivity growth may be more likely to install broadband. In this case the estimate of DSL in equation (1) will be biased. In order to account for endogeneity we use fixed effects instrumental variable regression to estimate equation (1). As instruments we employ the share of exchanges enabled for DSL and the average distance to an exchange at the level of the electoral division. While broadband providers are more likely to first install infrastructure in areas that do well economically, the individual firm's productivity is unlikely to matter for this. Controlling for fixed effects allows us to take account of unobserved heterogeneity that does not vary over time.
In the estimation of equation (1) we include the following control variables in X it in both the first and second stage of the fixed effects instrumental variable regressions. We control for firm size and firm age to account for differences between firms at different stages of their life cycle. We also control for differences in firms' engagement in international markets by including a dummy for f oreign ownership and dummies for whether a firm exports or imports (exporter, importer).
To capture the ICT intensity of a firm we include the share of managerial and technical employees manage as well as the share of employees using the internet shempuwww as controls. Full variable definitions can be found in Table 10 in the Appendix. All regressions include time dummies.
Data and descriptive statistics
We combine data from three sources. The first source is the enterprise data from the annual Ireland. The mapping between local exchange areas and electoral divisions is achieved by using GIS software to assign all business addresses in Ireland to the appropriate exchange and ED and assign the relevant DSL availability date to each business address. The map of business addresses is taken from the An Post Geodirectory, a database maintained by the Irish postal service that is intended to contain all Irish addresses. We can then calculate the share of business addresses in each ED that had DSL broadband available to them in a given year. These shares can be used as a proxy for the probability that fixed line broadband services were available to each firm in a given year, with the further assumption that firms in our data have the same spatial distribution within each ED as business addresses in general.
As an proxy for the quality of DSL available to each firm, we also calculate the average distance from business addresses in each ED to their local exchange. DSL technology imposes a negative relationship between distance and the speed with which data can be transmitted over a line.
[hp] Note: Shares in per cent of firms with internet access. Connection types are not mutually exclusive.
The column on the number of firms without an internet connection also includes firms that say they do not know whether they have an internet connection. Note: The apparent drop in DSL availability in the southwest region is due to differences between the firms included in the sample in each year rather than exchanges being disabled.
We obtain information on whether a firm uses DSL broadband from the question on the type of external connection in the Survey on e-Commerce and ICT. While firms have been asked to answer this question every year since the survey was first conducted the options given changed nearly every year. Table 1 gives an overview. Firms may tick multiple options when answering this question. The detail in the survey allows us to examine the effects of different types of broadband connections. We define three types, DSL<2MBs, DSL≥2MBs and DSL other. The first two refer to the advertised maximum download speed on the line. The 'DSL other' category includes other types of fixed connections such as cable, leased line, fibre optic cable, frame relay or a fixed wireless connection. For the purpose of the analysis we start by grouping all firms that fall into one of these three categories together into a 'DSL any type' group. For our main results the DSL indicator in equation (1) is a dummy variable based on DSL any type. We also estimate separate regressions where we check whether the effects differ for firms adopting a fast internet connection, i.e. DSL≥ 2MBs or those using a type of broadband that falls into the 'DSL other' category. between the left-and the right-hand figure for the greater Dublin area, we can see that those firms for which we know the ED code in this area (this is the case for only 17% of firms in this particular NUTS3 region) are based in EDs with much higher than average DSL availability compared to firms in the rest of the country over the full sample period. Table 4 shows a comparison of means and standard deviations of productivity (growth) as well as of our explanatory variables by type of DSL connection. For our preferred measure of TFP and for labour productivity the table shows that firms using any type of DSL connection are more productive than firms that do not have a DSL connection. For the TFP index measure which will be discussed in detail in the section on robustness, firms with a DSL connection are less productive than firms without a DSL connection, except for those using a slower connection (< 2MBs). In terms of average growth rates of productivity, firms with a DSL connection have lower average growth rates than firms without a DSL connection. Based on our main TFP measure and the LP measure those firms using an 'other' type of DSL connection form an exception to this observation.
Results
Firms with a DSL connection are also larger and somewhat older than firms without DSL. They have higher shares of employees using the internet and there are more multi-unit, foreign-owned, exporting as well as importing firms among them. 3 Table 5 shows the pairwise correlations between productivity and the different measures of DSL adoption. In levels TFP is positively correlated with the different measures of DSL adoption. This is also the case for labour productivity. The opposite is true for the TFP index measure except for DSL< 2MBs. The negative correlation is significant only for DSL≥ 2MBs. For growth rates the correlations are negative except for other types of broadband connections. In the case of our main TFP measure none of the correlations are significant. In the following we test whether the descriptive evidence which suggests a positive relationship between broadband adoption and productivity and a negative or nonexistent relationship between broadband and productivity growth from Tables 4 and 5 is confirmed in the instrumental variable estimation specified in equation (1) above. Table 6 shows the results of these regressions. In the first we use the full sample, that is for those firms where we know the ED code we use the instruments -share of exchanges enabled and average distance to exchange -at ED level and supplement this with the county-level information for the firms where we only know the county they are located in. Based on this definition only one instrument -the share of exchanges enabled -is significant in the estimation displayed in the first column. The Sargan-Hansen test of overidentification restrictions for all instruments does not reject instrument validity. Firms with a higher share of employees using the internet are more likely to be using DSL, the opposite is true for foreign-owned firms. The second stage of the regression indicates a negative effect of DSL adoption on productivity, however, this effect is close to zero and not statistically significant. The results also indicate that larger firms are less productive, while firms with a high share of managerial and technical employees are more productive as are firms with a high share of employees using computers and multi-unit firms.
In the second column of Table 6 we present results only for those firms where we have fulllength ED codes. As indicated in the data description ED codes are disproportionately missing for counties in the five main Irish cities, thus this regression can be read as being more focussed on the rural regions. Here in the first stage regressions both instruments are significant. The share of exchanges enabled in an electoral division is positively related to firms' having a DSL connection and the average distance to an exchange within an electoral division is negatively related to firms' having a DSL connection. The Sargan-Hansen test does not reject instrument validity. As in the first column firms with a higher share of employees using the internet are more likely and foreign-owned firms are less likely to have a DSL connection. In the second stage the coefficient on DSL adoption is again negative, close to zero and insignificant. Size, the share of managerial and technical employees and the share of employees using the internet are significant determinants of productivity also in this regression, multi-unit status is not.
In columns 3 and 4 Table 6 we show the results for TFP growth. As in the levels equations in the full sample only the share of exchanges enabled is positive and significant. When restricting the sample to those firms where we have full-length ED codes both instruments are significant and their signs go in the expected direction. In both cases the test statistics do not reject instrument validity. The coefficients on the effect of DSL adoption on productivity growth are positive, but estimated with large standard errors in both cases and hence insignificant. The only other variable with a significant relationship to TFP growth is firm size; this relationship is positive. As there is currently a debate whether broadband infrastructure needs to be upgraded to highspeed lines for its full benefits to be reaped (Kenny and Kenny 2011) , we investigate the effects of faster connections on productivity and productivity growth. Specifically, we look at firms using DSL connections that are faster than 2MBs and firms using 'other' types of broadband connections. As discussed in Section 3 other types of broadband connections include among others cable, leased line, fibre optic cable and frame relay. While these types of connections do not necessarily all provide faster service than a standard DSL connection, in the regressions using other DSL we are likely to capture firms which require a broadband connection in areas where DSL service is poor or firms which require a connection that is faster than that available through existing infrastructure. The DSL other variable is only available from 2004, hence sample size in these regressions is reduced.
The results from these regressions are presented in Table 7 .
The first column shows the results for the effect of a firm having a DSL connection with a speed of 2MBs or more on productivity. In the first stage, the instruments are not significant.
The Sargan-Hansen test does not reject instrument validity. In the second stage the coefficient on DSL is negative and insignificant. As in the regression considering any type of DSL in Table 6 size, the share of managerial and technical employees, the share of employees using the internet and the multi-unit dummy are significant determinants of TFP. In the second column of Table 7 we estimate the effect of using an 'other' type of broadband connection on TFP. Here the share of exchanges enabled is positive and significant in the first stage regression. The Sargen-Hansen test does not reject instrument validity. The sign on the other DSL measure is negative but not significant.
The effects of having a DSL connection faster than 2MBs or an other type of DSL connection on firm's productivity growth are displayed in columns 3 and 4 of Table 7 . In both instances the instruments are not significant. The Sargan-Hansen tests do not reject instrument validity.
The coefficient estimate on a DSL connection faster than 2MBs is positive whereas the coefficient estimate on an other type of DSL connection is negative, but both coefficients are not statistically significant. Thus, to summarise the results presented so far, we find that broadband adoption does not affect firm productivity or productivity growth. This is the case for any type of DSL connection as well as for fast and non-standard broadband connections.
It might be the case that there are specific groups of firms which derive a benefit in terms of productivity from using a DSL connection. To investigate this possibility we split the sample along a number of different dimensions. The results from this exercise are presented in Table 8 .
We split the sample by firm size into four size classes: firms with 10-20, firms with 20-100, firms Note: Coefficients and standard errors in parenthesis, number of observations and firms in the row below. Regressions are as specified in equation (1) and with the same control variables as in Tables 6 and 7 above. Regressions for firms with less than 10 employees do not include the importer dummy as a control variable. The instruments (% exch enabledt and dist to excht) are calculated at ED level where available, for the firms without ED they are at the county level. Explanatory variables in the levels regressions are contemporaneous, in the growth regressions they are lagged by one period. Standard errors adjusted for clustering at the firm level in parenthesis; with more than 100 and firms with less than 10 employees. The latter group are not part of our estimating sample above since these firms were not part of the survey population anymore after 2007. We further split the sample into firms that are domestically (Irish-)owned and those that are foreign-owned. Since the multi-unit firms may be using different types of connections across their plants, we estimate our models separately only for those firms that are single-unit firms. As the level of ICT use within a firm may be important we also split the sample by the median of the share of employees using the internet which is 20%. We split the sample by NUTS2 region, namely into the border, midlands and Western (BMW) region and the more affluent South-Eastern (SE) region which includes Dublin. Further, we split the sample by type of industry using two different definitions. We split firms into ICT producing, ICT using and non-ICT firms based on the taxonomy developed by Robinson et al. (2003) . 4 Table 8 reports the estimates for the DSL coefficient, standard errors, number of observations and firms of the regressions specified in equation (1). First stage results and coefficients for other explanatory variables are not reported to preserve space. We present results for TFP and TFP growth using the comprehensive DSL variable as in Table 6 as well as DSL faster than 2MBs
and 'other' DSL as in Table 7 . Breaking the sample into more homogenous groups of firms does not change the earlier results: in no instance in Tables 8 is the coefficient on the particular DSL measure significantly different from zero. We further grouped firms into industries according to the NACE letter classification; these results are not reported for brevity but are available on request.
The estimated standard errors are unreliable for many of the NACE letter industries. Similarly to the reported breakdowns, the coefficient estimates take on a wide range of values but with the exception of one case (DSL other on TFP levels in NACE sectors 36 and 37 which is unreliably estimated) they are never significant. This implies that the absence of a significant relationship between DSL and TFP (growth) in the sample with all firms is not due to averaging over smaller groups of firms with positive and negative effects.
Robustness
In this section we examine the robustness of our results. A key concern is the measurement of productivity. In Table 9 we present results for our main specification in the first and third column of Table 6 using a TFP index measure and labour productivity as alternative productivity measures.
The TFP index measure is based on the superlative index number approach as proposed in Caves et al. (1982a,b) . In the present context the TFP index and the TFP growth index are implemented as described in Griffith et al. (2009) , see also Table 11 in the Appendix. In contrast to the TFP measure based on the production function approach used above, this measure imposes constant returns to scale on the production technology. The second measure of productivity considered is a basic labour productivity measure defined as
Despite the fact that based on the TFP index firms with broadband seem to have lower productivity than those without when looking at sample means (cf . Table 4 ) -which is in contrast to our main TFP measure and the labour productivity measure -the results presented in Table 9 confirm the absence of a significant relationship between DSL adoption and productivity (growth).
For both the TFP index and the labour productivity measure the results are similar to our main set of results. In all four instances distance to exchange is positive and significant. The Sargan-Hansen test does not reject instrument validity. The coefficient on DSL is insignificant in all cases. Using the TFP index and labour productivity to re-estimate the additional results presented in Section 4 yields similar conclusions. Note also, that using only the sample of firms for which we full-length ED codes throughout yields similar results to those described above.
There is also an argument that the effects of DSL adoption may take time to materialise.
To examine this possibility we have estimated a specification of the results reported in Section 4
where the explanatory variables are lagged by one period. Specifically, in the levels regressions the explanatory variables are at t − 1 and in the growth regressions the explanatory variables are at t − 2. While associated with a considerable loss in the number of observations these regressions confirm the results presented above. The results described in this section but not reported are available from the authors on request.
6 Discussion and concluding remarks
In this paper we look at the effects of DSL adoption on firm productivity and productivity growth in a sample of Irish manufacturing firms in the period [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . We use a two-stage least squares estimator with geographical broadband availability as an instrument. While more productive firms are on average more likely to have a DSL broadband connection, adopting broadband is not associated with higher firm productivity or productivity growth. This is the case not only when all types of broadband connections are grouped together, but also when we specifically investigate the effects of the adoption of higher speed DSL broadband (greater than 2MBs) or other types of broadband including e.g. cable, leased line, fibre optic cable and frame relay. We also do not find a significant effect of broadband adoption on firm productivity (growth) when we split the sample into more homogenous groups of firms by size, ownership, internet usage, region or narrowly defined industry.
Our results are broadly consistent with van Leeuwen and Farooqui (2008) and Bertschek et al. (2011) , who found no evidence that broadband adoption increased firm productivity per se., in contrast to the more positive findings of Grimes et al. (2012) . There remains little empirical support from firm-level econometric studies for the view that accelerated adoption of high speed broadband would significantly benefit industrial productivity, as discussed in (Kenny and Kenny, 2011) .
Our work benefited from the availability of panel data on both firms' productivity and local supply of DSL broadband services, which allowed us to control for some unobserved heterogeneity and address concerns about endogeneity. This is an important feature of the paper, because we found evidence of reverse causation in broadband adoption.
One obvious extension to this strand of research is into the services sector. Given the nature of the output they produce and the IT-intensive production processes they often use, services firms might be more likely to experience significant productivity gains from broadband adoption than manufacturing firms. Due partly to availability of data and the greater difficulty of defining and measuring productivity in services, the productivity effects on such firms have received less attention to date.
A Appendix
A.1 Detailed information on the data and cleaning
Data checking and cleaning

CIP
Variables in the CIP data are checked for a number of different measurement issues: industry (NACE), county and ownership changes are ignored if they revert in the following year. A similar procedure applies where first or last observations differ from those after or before. Since the employment variable refers to employment in the first week of September this may be zero whereas wages may be positive. Where this is the case only in a single year, employment is estimated based on previous or following observations. Sales are checked for digit issues based on large changes in sales per employee and deviations from mean. Fuels, materials and wages are checked for large changes from one year to the next and whether they exceed turnover both individually as well as taken together. Export and import shares are checked for big changes from year to year as well as for once-off zero observations.
Survey on E-Commerce and ICT
Data are checked for logical inconsistencies. For example, a firm may be reporting a positive share of employees using computers but claiming it is not using computers, similarly for the share of employees using the internet and having an internet connection. In some instances this requires assigning a type of connection in line with previous or following observations; in other cases the share of employees using computers is set to zero. The types of connection(s) are checked for changes over time and for firms reporting four or more different types of connections, this is mainly to avoid that firms which report having a type of DSL connection in one year revert back to a modem or ISDN connection in later years. The DSL connection types are harmonised over time as far as possible again based on changes over time and typically not allowing firms that reported a connection faster than 2MBs in one year to report both a connection with less than 2MBs and one with at least 2MBs in following years.
Change in industry classification
The official European industry classification changed from NACE rev. One plus the difference between the current year and the year the firm was first established or first recorded on the CSO's business register or the year of the first observation -whichever is smallest.
CIP/BR
f oreign it Dummy equal to 1 if the firm's ultimate beneficial owner is located outside Ireland.
CIP
K it Capital stocks. Capital stocks are calculated based on capital investments using the perpetual inventory method, where firm i 's stock of capital asset x at time t is obtained from investments I and depreciation δ x as: Turnover (sales) in 1000EUR deflated using wholesale/producer price indices at the 2-3 digit NACE (Rev. 1.1/Rev. 2) level. We use a superlative index number approach and define TFP as
where a bar above a variable denotes the geometric mean of that variable over all establishments in the same 3-digit industry averaged over all years.Q j andx j are the geometric means of output and use of production factor z in industry j . The variable σ z i = (α z i +ᾱ z i )/2 is the average of the factor share in firm i andthe geometric mean factor share. We impose constant returns to scale so that z σ z i = 1 .
LP it
Labour productivity defined as ln(Y it /L it ) . ∆T F P it T F P it − T F P it−1 . Observations in the top and bottom .25 percentile of the distribution are dropped. ∆T F P is calculated for all firms in the CIP over the period 2002 to 2009. ∆T F P index it The measure of TFP is derived from a flexible translog specification of the production technology.
where x z it is the quantity used of factor z in plant i at time t. The Divisia share α z it is defined as α z it = (α z it + α z it−1 )/2 where α z it is the cost share of factor z relative to total output value Q in plant i at time t. We impose constant returns to scale. ∆LP it LP it − LP it−1 . Note: Categories <2MBs, ≥2MBs and other are nearly but not fully mutually exclusive.
A.2 Additional Tables
